Background: Chemoattractant receptor Fpr2 interacts with host-derived agonist CRAMP and promotes dentritic cell maturation in immune responses.
Leukocyte trafficking and homing are mediated by G protein-coupled receptors (GPCRs) 3 that recognize pathogen and host-derived chemoattractants (1, 2) . Some chemoattractant GPCRs are involved in both innate and adaptive immune responses (3) and are essential for development, angiogenesis, and homing of antigen presenting dendritic cells (DCs) (4) . Formylpeptide receptors (FPRs) belong to the GPCR family, which is increasingly recognized as important mediators in inflammatory and immune responses (5, 6) . FPR subfamily consists of three members, FPR1, FPR2, and FPR3, in humans (5, 6) . FPR1 is a high affinity receptor for the bacterial peptide formylmethionyl-leucyl-phenylalanine (fMLF) and mediates fMLFinduced phagocyte chemotaxis and activation. FPR1 also mediates the leukocyte chemotactic activity of a neutrophil granule protein cathepsin G (7) . In vivo, FPR1 plays a role in host defense against infection by Listeria monocytogenes as shown by evidence obtained in mice deficient in the FPR1 homologue, Fpr1 (8) . FPR2 and its mouse counterpart Fpr2 are low affinity receptors for fMLF, but they interact with a number of endogenous chemotactic agonist peptides produced by the host in inflammation and immune responses (5, 6) . FPR2 or Fpr2 has been reported to also recognize the lipid mediator lipoxin A4 and the N-terminal peptides of annexin I (AnxA1) that trigger anti-inflammatory responses (9, 10) . FPR3 in human recognizes a chemotactic peptide fragment derived from Heme-binding protein that chemoattracts DCs (11) . In mice, Fpr2 is likely a receptor that functions as both human FPR2 and FPR3 (8, 12) .
Among endogenous chemoattractant ligands recognized by FPR2, LL-37 is a human cationic peptide derived from the cathelicidin hCAP-18 (13) . In addition to its anti-bacteria and LPS binding activity, LL-37 is chemotactic for leukocytes through interaction with FPR2 (14) . LL-37 has also been reported to promote endocytic capacity of DCs and the expression of costimulatory molecules. The mouse homologue of LL37 is CRAMP, which utilizes Fpr2 to induce leukocyte chemotaxis and activation (15) . FPR2 and LL37, as well as their mouse counterparts, are proposed to play important roles in the initiation and progression of inflammatory and immune responses.
Our previous study showed severely reduced allergic airway inflammation in Fpr2 Ϫ/Ϫ mice (16) . Further investigation revealed that there is a significantly reduced recruitment of Ly6C ϩ inflammatory DCs into the bronchiolar area in the allergic inflammatory airway of Fpr2 Ϫ/Ϫ or CRAMP Ϫ/Ϫ mice, suggesting that Fpr2 and its endogenous ligand CRAMP control DC trafficking (1) .
However, it is unknown whether Fpr2 and CRAMP are also involved in DC maturation required for normal trafficking in disease states. In this study, we report that Fpr2 and CRAMP are important for the normal maturation of DCs and critical for DC recruitment in inflammatory and immune responses.
EXPERIMENTAL PROCEDURES

Animals-The generation of Fpr2
Ϫ/Ϫ mice was previously described (16) . To generate CRAMP Ϫ/Ϫ mice, CRAMP gene was retrieved from the mouse BAC clone RP23-77I19 into pLMJ235 vector containing the thymidine kinase gene. The targeting vector was then electroporated into C57BL/6 mouse ES cells (17) . Recombinant ES cells were injected into blastocysts of albino C57BL/6 mice to generate CRAMP flox-neo mice, which were crossed to ␤-actin Cre mice on a C57BL/6 background. Heterozygous CRAMP ϩ/Ϫ mice were mated to generate homozygous CRAMP Ϫ/Ϫ mice. 4 Mice used in the experiments were 8 -10 weeks old. They were allowed free access to standard laboratory chow and tap water. All animals were housed in an air-conditioned room with controlled temperature (22 Ϯ 1°C), humidity (65-70%), and day/night cycle (12 h light:12 h dark). Animal care was provided in accordance with the procedures outlined in the Guide for Care and Use of Laboratory Animals.
Reagents-FITC-, PE-PerCP-Cy5.5-conjugated, affinity-purified, rat or hamster IgG anti-mouse mAbs against CD16/32, CD11c, I-A/I-E, CD86/B7-2, CD80/B7-1, and CD40 as well as Armenian hamster IgG, rat IgG2b, and rat IgG2b were from eBioscience (San Diego, CA). Rabbit anti-mouse CRAMP Abs and rabbit anti Fpr2 (recognizing amino acids 208 -280 in an internal region of Fpr2) were from Santa Cruz (Santa Cruz, CA (1) . Red cells were lysed with ACK Lysing Buffer (Cambrex Bio Science, MD). Immature BM-derived DCs (iDCs) were generated by culturing BM nucleated cells (10 6 cells/well/3 ml) with GM-CSF (20 ng/ml) and IL-4 (20 ng/ml) for 6 days (or indicated times). iDCs were stimulated with LPS (10 ng/ml or at the indicated concentrations) for 24 h to obtain mature BM-derived DCs (mDCs). For the activity of CRAMP on DC differentiation, BM nucleated cells from WT and Fpr2
Ϫ/Ϫ mice were cultured in the presence or absence of CRAMP (50 g/ml) with GM-CSF (20 ng/ml) and IL-4 (20 ng/ml) for 4 days. The cells were washed to remove CRAMP and cultured with GM-CSF (20 ng/ml) and IL-4 (20 ng/ml) for an additional 2 days and then were stimulated with LPS (100 ng/ml) for 24 h. The expression of costimulatory molecules was measured by FACS, or the cells were measured for chemotaxis induced by CCL21 at the indicated concentration.
RT-PCR-The expression of Fpr2 mRNA in DCs was examined by RT-PCR with primers as follows: sense, 5Ј-GTGTC-CCCTGAATCTGGAAA-3Ј and antisense, 5Ј-TAATTCAG-GTGCTGTGGGTG-3Ј, which yield a 290-base pair (bp) product. Mouse ␤-actin primers were: sense, 5Ј-TGTGATG-GTGGGAATGGGTGAG-3Ј and antisense, 5Ј-TTTGATGT-CACGCACGATTTCC-3Ј, which yield a 514-bp product. All PCR products were resolved by 1.5% agarose gel electrophoresis and visualized with ethidium bromide staining.
Chemotaxis Assays-Chemotaxis of DCs was measured with 48-well microchambers and polycarbonate filters (5-m pore size) (NeuroProbe, Cabin John, MD) as described (1) . The results are expressed as the means Ϯ S.E. of the chemotaxis index, representing the fold increase in the number of migrated cells in response to chemoattractants over spontaneous cell migration (to control medium).
Flow Cytometry-DCs were preincubated in FACS buffer (PBS containing 1% FCS, 5 mM EDTA, and 0.1% NaN 3 ) containing anti-CD16/32 mAb for 20 min at 4°C to eliminate nonspecific binding of mAb to the Fc␥II/IIIR. Thereafter, cells were incubated with appropriate concentrations of mAbs for 30 min at 4°C. For intracellular staining, the cells were then fixed and permeabilized with BD Cytofix/Cytoperm and resuspended in BD perm/wash buffer and stained with fluorochrome-conjugated anti-cytokine Abs or appropriate negative control Abs. The cells were also stained with rabbit anti-mouse CRAMP Ab followed by a biotinylated-conjugated anti-Ig secondary Ab and PE-conjugated streptavidin. To determine DC recruitment into the spleen after LPS injection, each mouse was injected intraperitoneally with 25 g of LPS and 2.0 mg of OVA. Spleens were harvested 12 h later. After the lysis of red cells, splenocytes were stained with Abs (anti-mouse CD11c-FITC, CD4-PE, and CD8␣-PerCP-Cy5.5 Abs) or anti-mouse CD11c-FITC and CCR7-PE and analyzed with FACS. A pool of three mice was used.
Fluorescence and Confocal Microscopy-DCs stimulated with CCL21 were spun on cover slides and stained with Phalloidin for F-actin and with DAPI for nuclei. DCs on slides were also stained with rabbit anti-mouse CRAMP Ab, followed by a biotinylated anti-Ig secondary Ab and PE-conjugated streptavidin. Samples were analyzed with fluorescence microscopy (Olympus IX 71) and confocal microscopy (Zeiss LSM510 NLO Meta).
Mixed Lymphocyte Reaction-BM-derived iDCs were treated with LPS (100 ng/ml) for 24 h to obtain mDCs with Ͼ90% viability. The cells were then treated with 50 ng/ml mitomycin C for 20 min at 37°C. mDCs (stimulators) were washed and incubated with allogeneic naive CD3 ϩ T-cells from Balb/C mouse spleen (responders) (2 ϫ 10 5 cells/well) at the indicated ratios in 96-well U-bottom culture plates for 72 h in the presence of 1 Ci of 3 H/well thymidine for the last 18 h. The cells were counted for ␤-emission in a TopCount scintillation counter (Packard Instrument, Downers Grove, IL).
Immunofluorescence and Immunohistology-Mice were injected intraperitoneally with 25 g of LPS/2.0 mg of OVA/ mouse. Spleens were harvested 12 h later. For immunofluorescence, frozen sections were stained with a hamster antimouse CD11c Ab followed by a biotinylated anti-Ig Ab (BD Biosciences) with streptavidin-PE and DAPI counter staining (InvitroGen).
ELISA-The supernatants from DCs (2 ϫ 10 5 cells/ml) stimulated with LPS (1 g/ml) for 24 h were measured for IL12/IL23 (total p40) by ELISA. Cytokine production by splenocytes from PGNϪ/OVA immunized mice was determined as described previously (16) . Briefly, each mouse was injected intraperitoneally with 2 mg of OVA (Sigma) and 25 g/mouse PGN (InvivoGen). Spleens were harvested 4 days later, and splenocytes were plated in triplicate in 12-well plates (1 ϫ 10 6) in 1000 l of RPMI 1640 supplemented with 10% FBS in the presence of 200 g/ml OVA for 4 days. The supernatants were then assayed for IL-4, IL-10, and IL-13 by ELISA.
Statistical Analysis-All experiments were performed at least three times. Representative and reproducible results are shown. Statistical analysis was performed with Prism software (GraphPad Software, La Jolla, CA). The values are expressed as the means Ϯ S.E. The significance of the differences between testing and control groups was assessed by Student's t test or one-way analysis of variance where appropriate. p Ͻ 0.05 was considered statistically significant.
RESULTS
The Expression of Fpr2 and CRAMP by DCs-We first confirmed the expression and function of Fpr2 in mouse DCs. Fpr2 mRNA was expressed by iDCs and mDCs from WT mice (Fig.  1A) . These iDCs and mDCs migrated in response to the Fpr2 ligand A␤ 42 (6) (Fig. 1, B and C) . CD11c ϩ DCs isolated from mouse spleens also migrated in response to another Fpr2 ligand Chemotaxis results are expressed as the chemotaxis index (CI) representing fold increase in cell migration in response to stimulants over medium control (0). * indicates significantly increased migration in response to stimulants over spontaneous cell migration (to control medium, p Ͻ 0.05). All mice used were 8-week-old male littermates. Each experiment was repeated three times. E, the expression of CRAMP by iDCs. iDCs were spun on slides and stained with a rabbit anti-mouse CRAMP antibody followed by a biotinylated anti-rabbit IgG secondary antibody and PEconjugated streptavidin. The cells were counterstained with DAPI for nuclei for analysis with confocal microscopy. Scale bars represent 10 m. F, the fluorescence intensity of CRAMP ϩ iDCs. On each slide, 6 -12 cells were examined. The results are expressed as the means Ϯ S.E.
MMK-1 (Fig. 1D). In Fpr2
Ϫ/Ϫ mice, neither iDCs nor mDCs expressed Fpr2 mRNA (Fig. 1A) , and neither exhibited chemotaxis in response to Fpr2 agonist peptides ( Fig. 1, B-D) . In addition to Fpr2, iDCs from WT and Fpr2 Ϫ/Ϫ mice expressed similar levels of the Fpr2 ligand CRAMP (Fig. 1 
, E and F). Defective in Vitro Maturation of DCs from Fpr2
Ϫ/Ϫ MiceTo investigate the role of Fpr2 in DC maturation, we compared the expression of surface markers by BM-derived DCs from WT and Fpr2 Ϫ/Ϫ mice. BM nucleated cells from Fpr2 Ϫ/Ϫ and WT mice cultured in vitro with GM-CSF and IL-4 for 5 days showed no substantial difference in the expression levels of DC surface CD86 and MHC II molecules (Fig. 2 , A, C, and D). However, the chemotaxis responses of iDCs from Fpr2 Ϫ/Ϫ mice to the chemokines CCL3 and CCL4 (ligands for CCR5), as well as CCL20 (a ligand for CCR6), was reduced as compared with WT mouse iDCs (supplemental Fig. S2 , A-C), suggesting that, despite the apparent normal expression of iDC markers, the Fpr2 Ϫ/Ϫ mouse iDCs are defective in the function of certain chemokine receptors.
After iDCs were treated with LPS for 24 h to promote maturation, mDCs from Fpr2 Ϫ/Ϫ mice showed a considerably lower level expression of the maturation markers CD86 and MHC II as compared with cells derived from WT littermates (Fig. 2, 
B-s-D).
The expression of other DC maturation markers CD80 and CD40 was also reduced on mDCs from Fpr2 Ϫ/Ϫ mice as compared with WT mouse mDCs (supplemental Fig. S1 ). The defective maturation of DCs from Fpr2 Ϫ/Ϫ mice in vitro was accompanied by a reduced subpopulation of CD11c ϩ IL-12 (p40/p70) ϩ cells (Fig. 2 , E and F) and the considerably lower production of IL-12/IL-23 (total p40) by Fpr2 Ϫ/Ϫ iDCs after LPS stimulation as compared with cells from WT littermates (Fig. 2G) .
It has been documented that in response to maturation stimulation, DCs alter their expression profile of chemokine receptors with down-regulation of CCR1, CCR5, and CCR6 but up-regulation of CCR7 (19) . However, we found that both iDCs and LPS-stimulated mDCs from Fpr2 Ϫ/Ϫ mice migrated poorly in response to the CCR7 ligand CCL21 (Fig. 3 , A-C) as compared with WT mouse DCs. Consistent with defective CCR7-mediated cell migration, there was a marked reduction in CCL21-induced F-actin polymerization in mDCs from Fpr2 Ϫ/Ϫ mice (Fig. 3, D and E) . The defective function of CCR7 in mDCs from Fpr2 Ϫ/Ϫ mice was associated with reduced CCR7 expression as compared with WT mouse mDCs (supplemental Fig. S3 ). In addition, stimulation of mDCs from Fpr2 Ϫ/Ϫ mice with the CCR7 agonist CCL21 failed to induce p38 phosphorylation (supplemental Fig. S4A ), albeit with comparable ERK1/2 activation (supplemental Fig. S4B ) as compared with mDCs from WT mice. These results indicate that deficiency in Fpr2 impaired the normal signaling pathways mediated by the DC homing chemokine receptor CCR7.
Defective Allogeneic T-cell Stimulatory Capacity of Fpr2
Mouse mDCs-The impaired in vitro maturation of DCs from Fpr2 Ϫ/Ϫ mice prompted us to measure their antigen-presenting cell capability. Using WT and Fpr2 Ϫ/Ϫ B6 mouse mDCs as effectors and CD3 ϩ splenocytes from BALB/c mice as responders, we found a markedly reduced ability of Fpr2 Ϫ/Ϫ mouse mDCs to stimulate allogeneic T-cell proliferation as compared 
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with WT mouse mDCs (Fig. 3F ). In addition, the production of the effector cytokine IFN-␥ was reduced in T-cell cultures in the presence of Fpr2 Ϫ/Ϫ mouse DCs (Fig. 3G) . Thus, the key function as antigen-presenting cells was defective in mDCs from Fpr2 Ϫ/Ϫ mice.
Reduced DC Homing in Vivo in Fpr2
Ϫ/Ϫ Mice-Having observed defective maturation of DCs from Fpr2 Ϫ/Ϫ mice in vitro, we investigated whether these defects were associated with reduced DC homing and subsequent immune responses in vivo. Because mDCs from Fpr2 Ϫ/Ϫ mice showed deficiency in CCR7 function, we examined whether mDC trafficking into the spleen of Fpr2 Ϫ/Ϫ mice was impaired in OVA/LPS-induced immune response. Fewer CD11c ϩ cells (Fig. 4A) , a lower number of CD11c ϩ CD4 ϩ 8 Ϫ Cells (Fig. 4B) , and a lower ratio of (Fig. 4C ) and CD11c ϩ CCR7 ϩ cells (Fig. 4D) were present in the spleen of Fpr2 Ϫ/Ϫ mice after OVA/LPS immunization. Furthermore, after LPS/OVA immunization, CD11c ϩ cell accumulation in the T-cell zones of the spleen was reduced in Fpr2 Ϫ/Ϫ mice as compared with WT mice (Fig. 4, E 
-G). These results indicate that the defective maturation of DCs from Fpr2
Ϫ/Ϫ mice is associated with their reduced trafficking into lymphoid organs, resulting in impaired host immune responses. We further used OVA and a TLR2/6 agonist PGN to elicit a Th2 response in Fpr2
Ϫ/Ϫ mice (20) . Splenocytes from Fpr2 Ϫ/Ϫ mice produced lower levels of IL-4, IL-10, and IL-13 as compared with the cells from WT mice (Fig. 5, A-C) . These results were corroborated by earlier observation of defective OVA/LPS elicited Th1 responses in Fpr2 Ϫ/Ϫ mice. Thus, both Th1 and Th2 immune responses were impaired in Fpr2 Ϫ/Ϫ mice.
Hyporesponsiveness of mDCs from Fpr2
Ϫ/Ϫ Mice to Activation by LPS-To investigate the mechanisms of Fpr2 participation in DC maturation, we compared TLR4 expression by BMderived DCs from WT and Fpr2 Ϫ/Ϫ mice, because the level of TLR4 may affect the responsiveness of DCs to LPS-mediated maturation signal. BM nucleated cells from Fpr2 Ϫ/Ϫ and WT mice cultured in vitro with GM-CSF and IL-4 for 6 days showed no significant difference in the expression levels of TLR4 (supplemental Fig. S5A ). However, iDCs from WT mice showed rapid phosphorylation (5 min) of p38 MAPK to low levels of (0.1 g/ml) LPS (supplemental Fig. S5B, left panel) . In contrast, much higher levels of LPS (0.5 g/ml) were required to stimulate a delayed phosphorylation of p38 (30 min) in iDCs from Fpr2 Ϫ/Ϫ mice (supplemental Fig. S5B, right panel) , albeit the cells from both mice showed comparable levels of ERK1/2 MAPK phosphorylation (supplemental Fig. S5B ). In addition, there was a delayed degradation of IkB-␣ in Fpr2 Ϫ/Ϫ mouse DCs after LPS stimulation as compared with WT mouse DCs (Fig. 5D) . These results indicate that Fpr2 deficiency renders DCs hyporesponsive to the maturation stimulation by LPS. JUNE 20, 2014 • VOLUME 289 • NUMBER 25
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Contribution of the Endogenous Fpr2 Agonist CRAMP to DC Differentiation-Because Fpr2 recognizes a host-derived agonists CRAMP, which is widely expressed in various cell types including DCs (21), we asked whether CRAMP may play a role in normal DC differentiation, because LL-37, a human homologue of CRAMP, has been shown to regulate DC differentiation (22) . After LPS stimulation, the MFI level of CRAMP in DCs from WT mice was significantly reduced as compared with the level in iDCs (Fig. 6, A-C) , suggesting that there is a dynamic change in the level of intracellular CRAMP during differentiation from iDCs to mDCs, presumably because of extracellular release. In contrast, mDCs from Fpr2 Ϫ/Ϫ mice showed increased MFI as compared with iDCs (Fig. 6, A-C) , suggesting that the Fpr2 Ϫ/Ϫ mouse DCs did not efficiently release CRAMP in response to LPS stimulation.
To examine whether CRAMP was capable of regulating DC maturation, we tested the effect of exogenous and endogenous CRAMP in DC culture. WT mouse iDCs cultured with CRAMP (CRAMP-primed) increased CD11c ϩ CD86 ϩ population after stimulation with LPS as compared with DCs cultured in the absence of CRAMP (Fig. 6, D and E) . The result was consistent with observations in mice deficient in the CRAMP receptor Fpr2 (Fpr2 Ϫ/Ϫ mice) in which DCs contained a lower proportion of CD11c ϩ CD86 ϩ subpopulation (Fig. 6, F and G) . WT mouse mDCs cultured with CRAMP showed a more potent chemotaxis in response to the DC homing chemokine CCL21 (Fig. 7A, left panel) and produced higher levels of IL-12/IL-23 than control mDCs (Fig. 7B, left panel) . The effect of exogenous CRAMP on DC maturation was dependent on the receptor Fpr2, because CRAMP failed to show any stimulatory activity on DCs from Fpr2 Ϫ/Ϫ mice (Fig. 7, A, (Fig. 7, C and D) . We further observed that in WT DCs cultured with CRAMP, LPS induced more rapid phosphorylation of IB-␣ (5 min) (Fig. 7E ). However, CRAMP should be removed 48 h before LPS stimulation, because CRAMP bounds LPS, thus attenuating its activity when present together in the culture (Fig. 7E) . These results indicate that both exogenous and endogenous CRAMP plays a significant role in promoting the maturation of DCs via Fpr2.
Fpr2 and CRAMP in DC Maturation
To examine whether other Fpr2 agonists might possess the same capacity as CRAMP to promote DC maturation, we examined the effect of AnxA1 (23) . BM nucleated cells from WT mice were cultured in the presence of AnxA1 or antiAnxA1 Ab with GM-CSF and IL-4 for 4 days. The cells were washed to remove AnxA1 and cultured with GM-CSF and IL-4 for an additional 2 days. The cells were then stimulated with LPS (100 ng/ml) for 24 h. We found that WT mouse iDCs cultured with AnxA1 increased CD11c ϩ CD86 ϩ and CD11 ϩ CD40 ϩ populations after stimulation with LPS as compared with DCs cultured in the absence of AnxA1 (supplemental Fig. S6, A-C) and showing a more potent chemotactic response to CCL21 (supplemental Fig. S7A ). In contrast, AnxA1 failed to show priming activity on DCs from Fpr2 Ϫ/Ϫ mice (supplemental Fig. S7B ) as measured by CCR7 function. These results indicate that Fpr2 was capable of interacting with multiendogenous agonists to prime DC maturation.
In an attempt to address whether CCR7 and Fpr2 might cooperate to induced DC migration, we examined the chemotaxis response of WT mouse DCs simultaneously to the ligands for these two GPCRs: CRAMP and CCL21. We found that CRAMP and CCL21 synergistically induced the migration of mDCs from WT mice (supplemental Fig. S8A ), thus confirming the capacity of two GPCRs to cooperate, albeit with yet to be clarified biological significance in pathophysiological conditions. Impaired DC Differentiation in CRAMP Ϫ/Ϫ Mice-Because CRAMP increases the sensitivity of iDCs to the maturation stimulant LPS via Fpr2, we hypothesized that CRAMP deficiency may also have a profound effect on DC differentiation. iDCs from CRAMP Ϫ/Ϫ showed no difference in the expression levels of surface costimulatory molecules as compared with the cells from WT mice (Fig. 8, A and B) . In contrast, mDCs differentiated from CRAMP Ϫ/Ϫ mice showed a considerably lower level of expression of CD86, CD80, and MHC II as compared with the cells from WT mice (Fig. 8, C and D) after treatment with LPS. The addition of exogenous CRAMP restored the responses of iDCs from CRAMP Ϫ/Ϫ mice to LPS (Fig. 8, C and  D) . Thus, endogenous CRAMP is required for normal DC maturation. CRAMP Ϫ/Ϫ mouse DCs also showed reduced cell migration in response to CCL21 as compared with WT DCs (Fig. 8, E and F ), albeit with a comparable level of CCR7 expres- sion (supplemental Fig. S8, B and C) . Taken together, our observations demonstrate the importance of CRAMP and Fpr2 interaction in DC maturation.
DISCUSSION
Leukocyte trafficking in inflammatory and immune response is believed to be mediated by chemokine GPCRs. However, these cells display a remarkable functional polyvalency and the ability to adapt to changes in the microenvironment, because of their vast cell surface receptor repertoire that continuously senses the signals in surrounding environment. Recently, studies have shown that multiple chemokine GPCRs are responsible for DC accumulation at the sites of inflammation and immune responses. For instance, the chemokine receptor CCR2 has not only been proven useful as a discriminative marker between inflammatory/classical monocytes (CCR2 ϩ Ly6C high ) and resident/patrolling/nonclassical monocytes (CCR2 Ϫ Ly6C low ) (24), but it is also actively participating in the recruitment of inflammatory monocytes to sites of infection, trauma, or tumor. However, the trafficking of inflammatory DCs/monocytes in disease states are complex, and receptors other than chemokine GPCRs have also been shown to play key roles in the relay of chemoattractant signals that direct DCs to the final destination of the immune responses. Among these nonchemokine GPCRs, Fpr2 has been shown to be essential for stepwise trafficking of inflammatory DCs in concert with chemokine receptors CCR2 and CCR7 to amplify immune responses (1) . In this study, we further found that mouse DCs deficient in Fpr2 are hyporesponsive to LPS with impaired maturation and function, including reduction in the expression of MHC II and costimulatory molecules as well as severely diminished function of the DC homing receptor CCR7. As a consequence, Fpr2
Ϫ/Ϫ DCs failed to stimulate allogeneic T-cell proliferation in vitro and reduced their accumulation in the spleen in both Th1 and Th2 immune responses (1). FPRs, among numerous chemoattractant GPCRs, exhibit some unique features in host responses to pathogen and endogenous danger signals (5, 6) . In human, three functional FPRs have been identified. FPR1 and FPR2 are both expressed by human monocytes and neutrophils, but not mature DCs. On the other hand, FPR3 was only detected on human monocytes and mature DCs and respond to a unique peptide ligand F2L (5, 11) . In mouse, the identity of FPR3 analogue is not clear. Our study showed that mouse Fpr2 responded to F2L and neutrophils from Fpr2 Ϫ/Ϫ mice completely lost responses to F2L. These findings in combination with our clear detection of Fpr2 on mature mouse DCs suggest that Fpr2 is likely an analogue for both human FPR2 and FPR3 (12) .
In an effort to elucidate the mechanistic basis for the role of Fpr2 in promoting DC differentiation and maturation, we found that an endogenous Fpr2 agonist peptide, CRAMP, by interacting with Fpr2, is required for the functional maturation of DCs. CRAMP is the mouse orthologue of human LL37, which is an anti-microbial peptide contained in neutrophil granules and is also produced by normal epithelial cells (25) and cancer cells (26) . In mice, CRAMP enhances OVA-induced immune responses including the production of Th1 and Th2 cytokines (15) . Our study showed that CRAMP expressed in DCs promotes DC responses to maturation stimulants. The observations that DCs from Fpr2 It is intriguing that under certain conditions, the human CRAMP analogue LL37 could inhibit the activation of DCs by TLR agonists (27) . For instance, in the presence of LL37 throughout the culture period, the activation of iDCs by LPS was suppressed with diminished expression of DC markers and CCR7 (27) . Also, there is evidence that CRAMP binds and neutralizes LPS. For instance, CRAMP inhibited the capacity of LPS to induce TNF-␣ expression by mouse macrophages (28) and suppressed the osteoclastogenesis in cocultures with LPS ϩ MHC II ϩ cell populations. The results are expressed as the means Ϯ S.E. n ϭ 3 mice/group. E, reduced chemotaxis of iDCs from CRAMP Ϫ/Ϫ mice in response to CCL21 (1 ng/ml). F, reduced chemotaxis of mDCs from CRAMP Ϫ/Ϫ mice in response to CCL21 (100 ng/ml) at the indicated time points after LPS stimulation. The results are expressed as the chemotaxis index (CI) representing fold increase in cell migration in response to CCL21 over the baseline migration (to medium). * and ** indicate significantly reduced migration shown by DCs from CRAMP Ϫ/Ϫ mice as compared with DCs from WT mice (**, p Ͻ 0.01; ***, p Ͻ 0.001) (n ϭ 3 mice/group). All experiments were repeated three times. (29) . We also found that to obtain optimal priming effect of CRAMP, CRAMP present in the culture should be removed 48 h before LPS stimulation. These results suggest that the effect of LL37/CRAMP on DC differentiation and function is well orchestrated in a time-dependent manner. Although the precise mechanisms for this fine tuning of DC differentiation by LL37/CRAMP require further investigation, one possibility is that LL37/CRAMP may also interact with other cellular receptors such as TLR or P2X7 with diverse signaling pathways and thus different biological consequences. In addition to CRAMP, another Fpr2 agonist AnxA1 has also been reported to play a role in normal DC function. AnxA1 is a member of calcium-dependent phospholipid binding proteins (30) and is expressed in a variety of cell types including iDCs and mDCs from mice (24) . In mice deficient in AnxA1, when cultured in vitro, DCs showed diminished expression of maturation markers, decreased chemotaxis in response to chemokines, reduced production of inflammatory cytokines, hyporesponsiveness to LPS stimulation, and impaired capacity to stimulate allogeneic T-cell proliferation (23) . AnxA1 was initially reported to activate the prototype FPR family member FPR1 in neutrophils and retain the cells in the blood vessel, thereby reducing their extravasation in response to other chemoattractants at the sites of inflammation (31, 32) . Subsequently, AnxA1 and its N-terminal peptides were reported to exert anti-inflammatory effect via activation of human FPR2 or mouse Fpr2. These observations were substantiated by reduction of the anti-inflammatory activity of AnxA1 in Fpr2-deficient mice (31, 33) . In our present study, AnxA1 was found to also prime mouse DC responses to LPS-mediated maturation signal. However, another synthetic Fpr2 agonist peptide MMK-1 did not show "priming" activity (data not shown) on mouse DC maturation, presumably because of its much shorter sequence, with a hypothetically simpler structure and different pattern of Fpr2 interaction as compared with CRAMP and AnxA1. It is therefore interesting to further clarify the interaction pattern of Fpr2 with its divergent agonists to better understand their role in pathophysiological conditions.
The biological function of FPR2/Fpr2 in vitro and in disease models has also been a subject of debate. In an earlier report (33), Fpr2 was described as a receptor transmitting inhibitory signals that dampen the host inflammatory responses. This was supported by results obtained by using a purported Fpr2 KO stain in which mice showed exacerbated pro-inflammatory responses to stimulation. However, such observations became inconclusive because of the later correction that the genotype of this Frp2 KO strain was incorrect, and the mice were deleted an additional Fpr2-like receptor (33) , which presumably mediates anti-inflammatory responses. In contrast to this erroneous Fpr2 KO genotype, our Fpr2 KO mice clearly showed its capacity as one of the first line host defense molecules against pathological insults, thus mediating pro-inflammatory host responses (16, 34 -36) . It is therefore important to further delineate the function of Fpr analogues in mice and carefully interpret the results based on the precise mouse genotype and the context of the disease models.
It must be pointed out that despite a clear participation of Fpr2 and its agonist CRAMP in DC maturation and subsequent immune responses, the mechanistic basis underlying the impact of Fpr2 or CRAMP deficiency on molecular genetic changes in the cells remains to be determined. Our preliminary profiling of genes regulated by LPS in DCs revealed reduced expression of multiple genes by DCs from Fpr2 Ϫ/Ϫ mice, including genes coding for TLR2, TLR4, and TLR7. Fpr2 Ϫ/Ϫ mouse DCs also showed aberrant expression of genes coding for a number of transcription factors, cytokines, and chemokines and their receptors. 5 Further study is ongoing to elucidate the precise mechanisms for the contribution of Fpr2 pathways to pathphysiological processes.
